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ABSTRACT

The collection and analysis of detailed information on the surface 

of natural terrain are important aspects of radar-backscattering modeling. 

Radar is especially sensitive to surface-relief changes in the millimeter- 

to-decimeter scale for conventional K-band (^1-cm wavelength) to L-band 

('vZS-cm wavelength) radar systems. Surface roughness statistics that 

characterize these changes in detail have been generated by a comprehensive 

set of seven programmed calculations for radar-backscatter modeling from 

sets of field measurements. The seven programs are 1) formatting of data 

in readable form for subsequent topographic analysis program; 2) relief 

analysis; 3) power spectral analysis; 4) power spectrum plots; 5) slope 

angle between slope reversals; 6) slope angle against slope interval plots; 

and 7) base length slope angle and curvature. This complete Fortran IV 

software package, "Terrain Analysis", is here presented for the first time. 

It was originally developed a decade ago for investigations of lunar 

morphology and surface trafficability for the Apollo Lunar Roving Vehicle.



INTRODUCTION

Radar backscatter has been shown to be especially sensitive to 

changes in geometry that are responsible for the transition from primarily 

diffuse backscatter (bright radar image tone) to Rayleigh scattering 

(dark image tone). For example, McDonald and Waite (1973) showed that 

at K-band (0.86-cm wavelength) this transition takes place between 0.1- 

and 0.3-cm mean relief at 10° to 80° incidence angles; it is applicable 

only to very smooth playa and alluvial fans in desert regions. Schaber, 

Berlin, and Brown (1976), describing the L-band (25-cm wavelength) radar 

behavior in Death Valley, California, showed that this same transition 

between radar-bright (diffuse backscatter) and radar-dark (Rayleigh 

scattering) image tone takes place at a mean relief between 4 cm and 

7 cm for moderate incidence angles 35°-45°. Many unvegetated terrain 

surfaces have variations in micro-relief that bridge this roughness range; 

thus such terrains can be easily discriminated from adjacent smoother or 

rougher surfaces by L-band (and longer wavelength) radar systems. (See 

Sabins, 1978).

Proper collection and analysis of detailed data on surface geometry 

are essential to any research on radar backscatter modeling. The procedures 

for accomplishing these tasks have not been well defined in the open litera 

ture, nor have the data requirements for specific radar frequencies and 

terrain types been identified. In this paper we describe procedures 

developed to obtain both raw measured and surface-roughness statistics 

for radar backscatter modeling. We also present for the first time, and 

in its entirety, a comprehensive and highly flexible software package 

for terrain analysis. This set of computer programs originally was developed



in trafficability studies for the Apollo Lunar Roving Vehicle and 

investigations of lunar surface geometry (Rozema, 1969; Pike, 1978; 

U.S. Geological Survey, 1970).

GENERATION OF MICRO RELIEF PROFILES 

Surface Profiles from a Templet

Field measurement of terrain micro-relief can be accomplished 

inexpensively and with satisfactory results using a templet that accurately 

reflects the topographic variations of a surface over the length of the 

device (fig. 1). The templet fabricated for evaluation during radar 

backscatter research in Death Valley (Schaber, Berlin, and Brown, 1976) 

was made of solid aluminum stock and consisted of 65 moveable rectangular 

rods capable of measuring maximum relief of approximately one meter over 

a horizontal distance of one-half meter. The device was moved horizontally 

to acquire longer profile base-lengths for later statistical analysis. 

Applicability of such a templet depends on the level of resolution required 

for calculations of specific roughness statistics; for example, this 

device cannot record potentially important millimeter-scale relief (high- 

frequency component) of the topography.

The experimental templet has two distinct advantages: (1) many 

terrain profiles can be measured cheaply, and (2) fairly high resolution 

(1.0-cm horizontal by 0.5-cm vertical) can be maintained. Disadvantages 

include (1) difficulty in transporting the heavy device long distances 

on foot across adverse terrains, and (2) inability to obtain millimeter- 

scale relief statistics. Comparison of profiles derived from the templet 

and from conventional stereophotogrammetric techniques will be made at 

the end of the next section.



Surface Profiles from Stereo Photographs

. High-resolution (_+ 1 -mm horizontal and vertical) surface profiles 

can be obtained by photogrammetric reduction of high-quality large format 

(e.g., 70-mm metric camera) photographs taken in overlap and convergent 

stereo from several meters above the ground surface {Fig. 2). A con 

ventional 60-mm focal -length lens results in profiles approximately one 

meter long. Calibration of the lens at the measurement distance is 

required for high precision and ultimate resolution (< 1 mm). Longer 

profile lengths can be obtained simply by increasing the camera-to-ground 

distance, but photogrammetric resolution will be reduced.

Photogrammetric reduction of the stereo image data requires an 

analytical stereoplotter that can accommodate different viewing geometries. 

A baseline level is established in the model by placing two "leveled" meter 

sticks orthogonally in the field of view. Horizontal scale is determined 

from the meter sticks, and vertical scale and exaggeration are computed in 

the stereoplotter from camera parameters and viewing geometry.

A continuous high-resolution (+_ 1 mm) topographic profile is recorded 

in orthogonal directions across the stereo model. A contour map of the 

entire model could also be produced at a contour interval of 1 to 2 mm;

however, a contour map from many stereo models would be prohibitively
2 expensive. If a 1 m area of terrain within a stereo model has homogeneous

roughness in all directions, true of most micro-terrain surfaces, then
A

orthogonal topographic profiles are sufficient for representative statistics 

on roughness.



In Figure 3 we directly compare topographic profiles derived from 

the templet described above and the analytical stereoplotter technique. 

Note the close similarity between the two profiles but the evident loss 

of high-frequency (millimeter-scale) relief in the templet results.

TERRAIN ANALYSIS

Parametric description of natural topography, for practical applications 

(e.g., radar-backscatter modeling) as well as more academic objectives 

(Pike, 1963; Pike and Rozema, 1975), is a bewilderingly complex subject. 

Research in this area, which commonly is referred to (not always 

correctly) as "terrain analysis," embraces aspects as diverse as theoretical 

topology, numerical taxonomy, and tactical military operations. The 

resulting literature is vast and it is difficult to keep up with current 

developments. For a glimpse of the general problem and some recent keys 

to the literature, see Speight (1974), Pike and Rozema (1975), Speight (1977), 

and Pike (1978). Many studies in terrain analysis are parochial and often 

are undertaken to develop a classification scheme for a highly specific 

set of circumstances. We emphasize that none of these systems have 

universal applicability in terrain analysis, despite occasional authors' 

claims to this impossible achievement. Accordingly, the descriptive 

statistics that we have applied to micro-terrain for modeling radar back- 

scatter likewise constitute only one way to address the general problem: 

abstracting the geometry of natural landscapes. The application to 

radar tends to restrict descriptive variables to those expressing 

surface roughness rather than other, more exotic, characteristics of 

the terrain (Pike, 1978; Pike and Rozema, 1975). Moreover, the 

statistical description of topography at one-millimeter resolution represents 

application of terrain analysis to one extreme of the scale with which
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there is little experience on the part of earth scientists. And 

finally, the statistics are computed from a linear profile, not from 

an area! sample design (e.g., Grender, 1976; Day, 1979). Some of our 

subroutines have been converted to accept area! data (elevations at grid 

intersections), but we have not applied the results to radar work. Thus 

we were pleasantly surprised to find that our specialized requirements for 

computation were met so handily by an off-the-shelf package of software 

nearly a decade old. Although the package described here does not fulfill 

every need of our radar work, its present usefulness testifies to the 

flexibility built into the system of description. Undoubtedly this software 

will meet the requirements of other terrain analysts as well.

COMPUTATION OF ROUGHNESS STATISTICS

The topographic profile shown in figure 2 was digitized at a 3-mm 

equivalent ground interval and the resulting elevations were used to 

calculate parameters of surface roughness. Roughness statistics were generated 

by the Terrain Analysis program developed by the U.S. Geological Survey 

under NASA funding for trafficability analysis for the Apollo Lunar Roving 

Vehicle and in incidental studies of lunar morphology (Pike and Rozema, 

1975; Pike, 1978; U.S. Geological Survey, 1970). The Terrain Analysis soft 

ware, written in Fortran IV language, consists of seven integrated data 

analysis and plotting routines; the entire program is included in 

Appendix A of this paper. The program furnished nearly 100 individual 

pieces of graphical and tabular data that describe four major aspects of 

topographic geometry: (1) relative relief, hypsometry, topographic 

grain; (2) power (variance) spectral density of relief; (3) slope 

angle between slope reversals; and (4) base-length slope angle and



curvature. A sample output from the Terrain Analysis program, including 

the plotting subroutine products, is given in Appendix B. Input data 

were elevation values derived from the profile in figure 1.

The Terrain Analysis program is well documented, and because so 

many statistical parameters are calculated, only those topographic 

descriptions that may be unfamiliar to the general reader will be 

described below. Those seeking more information on the software or its 

statistical computations should contact the authors. 

Program 1 - This initial program of the Terrain Analysis software simply 

formats the input data in readable form for subsequent analysis. Input 

consists of topographic elevations, measured at a constant horizontal 

increment ("delta-L") along a continuous profile.

Program 2   Relief Analysis - This part of the Terrain Analysis program 

provides comprehensive data on the statistical variation of topographic 

elevations along a profile. The output includes relief, mean elevation, 

variance, standard deviation, and other standard statistical parameters 

of elevation such as skewness, kurtosis, elevation-relief ratio (E.R.), 

hypsometric integral (H) (Pike and Wilson, 1971), and topographic grain 

(Wood and Snell, 1960). This portion of the program also tabulates the 

frequency and cumulative percent frequency of elevations within class 

intervals, so that histograms may be constructed. Ten of these parameters 

are recalculated from decreasing sample sizes (N), at lengthening 

sampling intervals tl). This practice reveals the minimum sample size 

from which stable statistics can be calculated from each data set. In 

the example given in Appendix B, no fewer than 23 elevations should be 

used for the calculations.



Hypsometric analysis is valuable in radar backscatter analysis 

because it gives a quantitative assessment for the proportion of surface 

area within a unit volume that can readily contribute to radar back- 

scatter and the proportion that would behave quasi-specularly to the 

radar. Hypsometry is the distribution of ground surface area, or 

horizontal cross-sectional area of a ground surface, with respect to 

relief or elevation (Strahler, 1952). Wood and Snell (1960) and 

Pike (1963) have shown that topographic samples may resemble one another 

with respect to local relief, average slope, or other geometric aspects, 

and yet,may vary appreciably in appearance as demonstrated by different 

values of the elevation-relief ratio (E.R.):

£ n _ mean elevation - minimum elevation 
"  " : maximum relief

4

which was shown by Pike and Wilson (1971) to be equivalent to the hyso- 

metric intergral (H), or the proportionate area below the hypsometric 

function curve. The derivation of the hypsometric function is beyond 

the scope of this paper but has been well documented by Strahler (1952) 

and Pike and Wilson (1971). Simply defined, the hypsometric function 

is the proportion of the total surface area of a unit terrain surface 

containing elevations greater than a measured elevation. A surface that 

has exactly equal proportions of its area above and below the mean height 

value would have a hypsometric integral equal to 0.5.

Topographic grain needs to be determined before computing statistics 

on roughness or any other aspect of terrain geometry. If the profile 

obtained by either the templet or photogrammetric technique is of 

insufficient length to contain most of the relief elements, or is 

unnecessarily long, then statistical errors will enter the calculations
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for modeling radar backscatter. Topographic grain of a terrain is 

essentially the minimum area or linear sample distance on a surface that 

contains most of the important relief structure (Wood and Snell, 1960). 

If the size of a progressively larger, nested interval along the 

horizontal axis of a profile is plotted against the maximum relief within 

the intervals, relief increases rapidly to a point and then levels off. 

The sampling interval size corresponding to the point at which relief 

inflects is the "topographic grain." Most of the topographic character 

istics of the sample region will thus be contained within an interval 

of this size (See Appendix B).

Program 3   Power Spectral Analysis - The analysis of relief variance 

is of significant importance for radar backscatter modeling, as shown 

by Peake (1959), Valenzuela (1967), and Barrick (1972), who made use 

of the covariance spectrum of relief in various perturbations of the 

Bragg-Rice scattering models. W. E. Brown, Jr., and G. G. Schaber (work 

in progress) have found that covariance spectra obtained by the photo- 

grammetric and statistical analysis technique described above can be used 

with a Bragg-Rice scattering model to correctly predict radar cross-section 

values for saltpan and gravels within Death Valley.

This power spectral density (PSD) subprogram computes the various 

frequency components of the relief (Rozema, 1969). Power spectral or 

time series analysis examines the frequency content of topographic 

or surface-roughness profiles. For natural terrain surfaces, most 

profiles are statistically random functions that can only be 

represented by the continuous variance spectrum. Elevation amplitudes 

that contribute to variability of a random isotropic surface above its 

mean height value thus are associated with a continuum of wavelengths.



Separating a random profile into wavelength bands yields the spectral 

density of the relief variance, which is given as the square of the 

amplitude per unit bandwidth of the contributing wavelength bands (Pike 

and Rozema, 1975). This value is the power spectral density (PSD).

The variance spectral density program used in this study derives 

the autocovariance function and the Fourier transform of the autocovar- 

iance function that is the spectral density function of the variance and 

vice versa (Pike and Rozema, 1975). Autocorrelation of relief data 

enhances any periodicities that may be present in the topographic profile.

The "variance" or power spectral density graphs are sloping lines 

representing continuous functions of topographic (spatial) wavelengths, 

(See Appendix B). Because the greatest relief within a surface profile 

(natural terrain) is generally associated with the longer wavelengths, the 

spectral density decreases rapidly with decreasing terrain wavelengths. The 

slopes of the PSD curves describe a relation between the relief content 

of the long and short features (Bryson and Dutton, 1967). An overall 

slope of -3 is thought to indicate a "uniformity" of topographic slope 

for all relief features in the sample area, regardless of their size 

(Bekker, 1969). A slope less steep than -3 indicates that small topographic 

features (high frequency) are rougher than large (low frequency) features. 

Likewise, a spectrum slope steeper than -3 suggests more rough, coarse 

grained features and less smooth, fine-grained relief forms.
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Digital bandpass filtering of the very low frequency data in the 

surface profiles is performed prior to calculation of the PSD functions. 

This operation is included because a long-term trend in the profiles 

affects the PSD function in two ways: (1) it may result in a nonstationary 

profile, that is, a profile whose statistical properties are affected by 

a change in origin; and (2) because the amplitude of the profile 

associated with the low frequency of a long trend would likely be relatively 

large, enough power would be contributed by the low frequency to obscure 

that contributed by higher frequencies (Rozema, 1969). 

Program 4 -- Power Spectrum Plots - This subroutine plots the elevation

variance of relief as frequency (cycles per mm) versus power spectral
2 2density (mm per cycle per mm). Conversion of the PSD values to m per

: Q

cycle per m involves multiplying the PSD values by 10 ; conversion to
'Y ' 3

cycles per m is accomplished by multipling each frequency value by 10 .

Pike and Rozema (1975) have shown that PSD values are interchangeable with
2 2 variance [amplitude , per wave number (units )], in the same fashion I

frequency (in cycles per unit) is interchangeable with Wuve number (units ), 

Immediately following the PSD plot in Appendix B, a least squares regression 

line fit equation is given for the PSD data in addition to the total 

variance of the integrated spectrum.

Program 5 -- Slope Angle Between Slope Reversals - There are innumerable 

ways to characterize topographic slope. One of them is to identify terrain 

segments that occur between reversals in slope direction along a 

profile. Both the length and steepness of the slope are variables. -
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Radar backscatter power is strongly dependent on the number of reflecting
Qr*<*-

facets on the target at moderate to high angles of incidence. This
A

program can furnish quantitative data on such facets, which are the areas 

between two adjacent slope reversals. Every reversal of slope from the 

input topographic profile is listed, as are the slope angle and slope 

length between these reversals. Also given are the three steepest 

and the three longest slopes, and the number of slope reversals per 

meter. A regression line is computed for slope length and slope angle. 

Program 6   Slope Angle Against Slope Interval Plots - This subroutine 

plots each slope length against its slope angle on semi-log scale. The 

computer-printed graph is an approximation and may differ slightly from 

the actual values. Where more than nine values occupy the same position, 

a letter symbol code is printed indicating the number of points at that 

location. The steepest slope angle printed out is 20 degrees. This value 

is too low a cut-off for micro-terrain applications, where the slopes 

are very steep. This graph is only of minor value in its present format. 

Program 7 -- Base Length Slope Angle and Curvature - This subprogram is 

exceptionally comprehensive and flexible, and yields a large amount of 

information on surface roughness. Two parameters, slope angle and the angle 

of slope curvature, are computed for different values of the unit cell, or base 

length (delta-L). Slope angle at the smallest delta-L, the input sampling 

interval, is simply the slope of the line connecting any two adjacent 

sample elevations. Curvature is the angle subtended by three adjacent 

elevations along the traverse (fig. 4). Calculations start with a horizontal 

sampling interval (delta-L) of X-mm (3.0 mm in the example shown in 

Appendix B). The subroutine then calculates algebraic and absolute values
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of statistics for both slope angle and the angle of curvature, including 

minimun, maximum, mean, variance, standard deviation, skewness, kurtosis 

and median. Absolute values are unsigned. Algebraic values are positive 

(slopes facing the end of the profile and convex curvature - Fig. 4), 

and negative (slopes facing the opposite direction and concave curvatures   

Fig. 4). Algebraic frequency distributions are symmetric about the zero 

values and often approach the Gaussian ideal. Absolute distributions 

approach the "half-normal" model (Elandt, 1961), and are skewed strongly 

to the right. Slopes and curvatures calculated by both conventions are 

necessary, and complement one another.

The dispersion coefficient (algebraic standard deviation divided by 

absolute mean) is analogous to the usual coefficient of variation 

(Croxton et al., 1967, p. 198), and is an excellent measure of relative 

dispersion. The "Elandt coefficient" (informal name by Pike, 1978), 

defined as absolute mean divided by absolute standard deviation (Elandt, 

1961), can be used as a rapid initial test for the "half-normality" of 

an absolute slope frequency distribution (see Pike, 1978, p. 14-15).

Following a listing of the number of negative and positive values of 

slope and curvature (and their ratios) are tabulations of algebraic and 

absolute frequency-distribution statistics. These are intended for 

histograms and other graphic output. The percent (10 to 90) dispersion 

of the algebraic values is also listed, in addition to the results of 

a chi-square test for the normality of the algebraic frequency distribution 

of both slope .and curvature. Regression line-fits are calculated relating 

cumulative percent frequency and slope angle, and cumulative percent 

frequency and percent mean slope* Similar regression equations are given
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for the curvature statistics.. These equations enable the histograms to 

be roughly expressed by only two parameters, slope and coefficient of the 

fit.

The delta-L value (sampling interval) is then doubled (for example, 

from 3.0 mm to 6.0 mm) and all calculations are rerun. This stepping of the 

delta-L value continues until the desired upper limit of sampling interval 

is reached or until too few cases remain to calculate good statistics. The 

final calculations in the program are linear regression fits relating 

delta-L to mean absolute slope and curvature for all iterations. This 

valuable equation can be used to assess the relation of slope and curva 

ture angles for a specific terrain at various fractions (or multiples) 

of radar wavelength scales (where delta-L is equated to roughness sampling- 

interval of the radar)./

POSSIBLE PROGRAM IMPROVEMENTS

The Terrain Analysis software has been found to be almost ideal for 

radar backscatter modeling studies of fine-scale relief, and can be 

used with topographic information derived from either in situ templets 

or photogrammetric reduction of stereo photographs. Experience with this 

software, however, has indicated the need for at least four additional 

computations and plotting subroutines of significance to radar backscatter 

modeling: (1) height correlation coefficient autocorrelation, or 

statistical association between various pairs of elevations along a profile; 

(2) probability density function for surface elevation; (3) probability 

density function for surface slopes (Pike and Rozema, 1975; Barrick,
jr<jdf~*^z<3n S^a^A^Jf-

1970); and (4) (rms^slopbs and curvatures for all base lengths. These
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additional programs and subroutines could simply be added to the 

existing Terrain Analysis software with minimal effort and expense. 

Autocorrelation of surface heights already is performed as part of the 

PSD computations (Program 3) and merely needs to be printed out. The 

information on relief and slope necessary for calculating their probability 

density functions are available in Programs 2 and 7. Only the rms 

calculations will require writing an entire new subprogram.
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FIGURE CAPTIONS

Figure 1. Aluminum templet used to record surface relief, shown in 

moderately rough saltpan in Death Valley, California. Templet 

approximately 1.2 m high by 0.5 m wide. A level is built into top 

crossbar for proper orientation; handles were included for ease 

in carrying weight, about 65 pounds. Profile shown on templet 

is left half of those shown in figure 3.

Figure 2. Example of topographic profile obtained by photogrammetric 

reduction of metric-camera (70 mm) stereopair photographs. Profile 

was digitized at 3-mm equivalent ground interval and used as input 

for Terrain Analysis program (Appendix A; output of program in 

Appendix B).

Figure 3.--Topographic profiles obtained by in situ templet device and 

by photogrammetric reduction of stereo photomodels. Profiles 

include that shown in figure 1 and an additional 'v 0.5 m to the 

right.

Figure 4.--Diagrammetric representation of slope curvature along a

profile. Dots show ground surface. Circles are sample elevations 

measured at a constant horizontal increment (delta-L). Positive 

curvature shown by a; negative curvature shown by 3.
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APPENDIX A

In this Appendix we list the complete Terrain Analysis software 

developed under NASA funding to the U.S. Geological Survey for investi 

gation of lunar morphology and trafficability studies for the Apollo 

Lunar Roving Vehicle. This previously unpublished package was 

conceived by R. J, Pike, who coordinated the overall effort. The 

individuals who did the actual programming and were responsible for the 

seemingly endless refinements demanded by the two senior authors are 

S. E. Wilson, R. H. Godson, D. K. McMacken, G. I. Seiner, J. E. Crawforth, 

Eric Eliason, J. J. Stapleton, and Loretta Barcus of the U.S. Geological 

Survey and W. J. Rozema of Northern Arizona University (Flagstaff, Az).

The Terrain Analysis software program is written in Fortran IV 

language and consists of seven integrated programs and subroutines 

having the following functions:

(1) formatting of data in readable form for subsequent topographic 

analysis program

(2) relief analysis

(3) power spectrum analysis

(4) power spectrum plots

(5) slope angle between slope reversals

(6) slope angle against slope interval plots

(7) base length slope angle and curvature

These subprograms and subroutines have been briefly described in the 

text. Duplicate computer tapes (9 track-800 bpi) are available in either 

ASCII or EBCDIC at no cost by sending a new blank tape and the sender's
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return address to the senior author at:

U. S. Geological Survey 
Branch of Astrogeologic Studies 
2255 North Gemini-Drive 
Flagstaff, Arizona 86001
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APPENDIX B

Included in this Appendix is a sample output from the Terrain 

Analysis software package listed in Appendix A. The profile shown in 

Figure 1 was digitized at a 3-mm equivalent ground spacing and these 

data used as input to the Terrain Analysis program. All linear values 

are in millimeters and all angles in degrees. Brief descriptions of 

the tabular and graphical output data are included in the text. *Delta-L 

is the sampling interval of the profile in millimeters. **Maximum, 

minimum^and mean values listed under relief analysis (first page of output) 

are arbitrary elevation values (in millimeters) used in establishing 

the coordinate system for the stereo model. For brevity, results for 

only the first two of seven iterations of the base length subroutine 

are shown.
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